Background-Population pharmacokinetic (PK) studies of busulfan in children have shown that individualized model-based algorithms provide improved targeted busulfan therapy when compared to conventional dosing. The adoption of population PK models into routine clinical practice has been hampered by the tendency of pharmacologists to develop complex models too impractical for clinicians to use. The authors aimed to develop a population PK model for busulfan in children that can reliably achieve therapeutic exposure (concentration-at-steady-state, Css) and implement a simple, model-based tool for the initial dosing of busulfan in children undergoing HCT.
INTRODUCTION
Busulfan (Busulfex® for injection) is a bifunctional alkylating agent routinely used in conditioning regimens prior to hematopoietic cell transplantation (HCT) for the treatment of a variety of childhood diseases including both malignant and nonmalignant disorders. [1] Because busulfan pharmacokinetics (PK) displays large inter-patient variability and exposure-response relationships have been described, the therapeutic drug monitoring (TDM) of busulfan is routinely performed as standard clinical care in children undergoing HCT. [2] [3] [4] [5] [6] [7] Busulfan exposure can be estimated by several different strategies including area-under-the-curve (AUC) monitoring or estimation of a steady-state plasma concentration (Css = AUC / dosing interval)( Table 1) . [8] Improved rates of engraftment and lower drugrelated toxicity (e.g. mucositis, sinusoidal obstruction syndrome) have been demonstrated with a Css 0-6hour of 600 -900 ng/mL (approximately equivalent to a AUC 0-6hour of 900 -1350 uM min). [6, 9, 10] Most commonly in North America, initial doses of busulfan are determined based on actual body weight as defined by the US FDA-approved drug label for busulfan use in children and aims to achieve a Css of approximately 600 -900ng/mL. [1] This "conventional dosing" nomogram recommends for patients weighing ≤12kg an initial dose of 1.1 mg/kg, and for patients weighing >12kg initiating therapy at 0.8 mg/kg/dose regardless of age.
The current suggested dosing regimen for busulfan use in children was determined based on the results of a single clinical trial of only 24 children undergoing HCT receiving busulfan in combination with cyclophosphamide. [1, 11] Based on simulation studies using a population PK model in pediatrics it is estimated that, at most, only about 60% of patients will fall within the desired therapeutic range for the first dose using the conventional busulfan dosing nomogram. [11] These percentages can vary widely for children of different ages and weights. [11] Additionally, optimal busulfan exposure may differ for each individual child depending on several factors including disease and donor source. [6, 12, 13] Unfortunately, the current conventional dosing guidelines do not allow for different targeted exposures. Achievement of individualized targeted busulfan therapy early on in the course of treatment is critical and failure to do so may lead to suboptimal therapy or toxicity. [14] More recently, several population PK studies in children have shown that individualized (e.g. personalized) model-based algorithms for busulfan clearance (CL) which incorporate body size and/or age provide improved targeted therapy when compared to stratified weight or age-based regimens alone [15] [16] [17] [18] [19] . Unfortunately, the adoption of population PK models into mainstream clinical practice has been hampered by complicated software and the tendency by pharmacologists to develop complex models that are often impractical for clinicians to use. Furthermore, model validation, including prospective evaluation, is critical to ensure the predictability of any model. A user-friendly tool that is easily accessible to clinicians is required to ensure translation and adoption of useful yet complicated PK models into routine clinical practice. The objectives of this study were 2-fold: (1) to develop a dosing algorithm for personalized dosing of busulfan in children that can more reliably achieve therapeutic Css (Css 600 -900 ng/mL) targeted exposures and (2) implement a clinician-friendly, easy-to-use tool for determining initial dosing in a prospective validation group of children undergoing HCT. The latter aims to bridge the gap from the laboratory to the patient, ensuring the information we gained from our research is adopted in routine clinical practice.
PATIENTS AND METHODS

Study Population
All patients and/or guardians provided written informed consent to participate in the routine therapeutic monitoring of busulfan as part of their specific transplant protocol. Consent for participation in the PK analysis was waived as part of the University of California San Francisco Committee on Human Subjects' Research approval process. Eligibility criteria for busulfan PK analysis in this study included (1) autologous or allogeneic (related or unrelated) HCT that included intravenous busulfan therapy and (2) busulfan plasma timeconcentration data available for analysis. Patients underwent HCT for a wide variety of malignant and nonmalignant pediatric disorders. Briefly, conditioning chemotherapy consisted of busulfan in combination with (1) fludarabine + serotherapy (anti-thymocyte globulin or alemtuzumab) (2) fludarabine + thiotepa + serotherapy; (3) fludarabine + clofarabine + serotherapy; or (4) melphalan + serotherapy. In all patients, busulfan therapy was administered by a 2-hour infusion, every 6 hours for a total of 16 doses. Seizure prophylaxis consisted of either lorazepam or levetiracetam.
Model Development Dataset
Model development was conducted using retrospective PK data available from the routine TDM of busulfan levels in 90 pediatric and young adult patients who had undergone HCT at UCSF Benioff Children's Hospital between January 2007 and April 2013. Demographics of the 90 subjects are shown in Table 2 . For the majority of patients (n=79), initial busulfan doses were determined based on the patient's actual body weight according to the conventional dosing nomogram. [1] For patients weighing ≤12 kg, busulfan was initiated at 1.1 mg/kg/dose. An initial dose of 0.8 mg/kg/dose was used in children weighing greater than 12 kg. In eleven subjects, enrolled in a previously completed pilot study, PK data from a test dose (0.5mg/kg) given 3-4 days prior to the start of chemotherapy was used to estimate an individual's CL and to determine the first dose of busulfan in mg. [12] Included in all transplant protocols, busulfan plasma concentrations were therapeutically targeted to achieve a Css within the range of 600 -900ng/mL as part of routine clinical care. Blood collections for PK sampling were performed with dose 1 and used to determine subsequent doses, if needed. Following the first dose (and test dose if administered) samples were obtained at 2, 2.25, 2.5, 3, 4, 5 and 6 hours post start of the infusion. If dose modifications were performed, repeat drug levels were obtained following a steady-state dose (dose 9, 13) and blood samples collected at 0 (just prior to the start of infusion), 2.25, 2.5, 4, and 6 hours post start of infusion. Conditions of steady-state were assumed after the administration of 3 consecutive doses of busulfan and based on prior knowledge of estimated busulfan half-life in children. Plasma samples used for model development were analyzed by the University of Pennsylvania Medical Center, Department of Pathology and Laboratory Medicine Toxicology Laboratory using a validated reverse-phase high-performance liquid chromatography assay with tandem mass spectrometry (HPLC-MS) as previously described. [20] The assay was linear in the range of 40 to 2000ng/ml. Intra-day and inter-day assay variability was <6% and 9%, respectively.
Prospective Validation Cohort
External validation of the model was performed using PK data available from the routine TDM of busulfan levels in 21 pediatric patients prospectively dosed based on the population PK model. Demographics of the 21 subjects are shown in Table 1 . Busulfan plasma concentrations were therapeutically monitored to achieve a Css within the range of 600 -900ng/mL as part of routine care. Blood collections for PK sampling were performed with dose 3 and used to determine subsequent doses, if needed. Following the 3rd dose, samples were obtained at T=0 (just prior to start of infusion), and 2.25, 2.5, 4, and 6 hours post start of infusion. If dose modifications were performed, drug levels were repeated at dose 7 and 11, as needed. Plasma samples collected in the validation group were analyzed by the University of California-San Francisco, Department of Pathology and Laboratory Medicine laboratory using a validated LC-MS/MS assay described elsewhere in detail. [21] The assay was linear in the range of 6 to 2000 ng/ml. Assay intra-day, and inter-day precision were <3% and <6%, respectively.
Population PK Modeling
Model development using busulfan plasma concentration-time data was performed with the non-linear mixed effects modeling program NONMEM (version 7, ICON Development Solutions, Ellicott City, MD). Diagnostic graphics and post-processing of NONMEM output and simulations were performed using the statistical software R and Xpose. [22, 23] The first order conditional estimation method with interaction (FOCE-I) was used throughout the model building process to estimate PK parameters and variability. Model development was guided by exploratory analysis of the data, changes in the NONMEM objective function value (OFV), diagnostic plots, and the potential biological plausibility of a relationship between clinical covariates and drug exposure. Because many subjects had intensive sampling on more than one occasion, inter-occasion variability was investigated. Because inter-occasion variability showed the trend that CL may be changing with time, a mechanism-based model incorporating Michaelis-Menten elimination was investigated. Residual unexplained variability was characterized by an additive and proportional error model. Using standard principles of allometric scaling, weight was built into the base model a priori and scaled to a reference patient having a median weight of 22 kg. [24] Patient specific factors considered for covariate testing included age, height, body surface area (BSA), sex, serum creatinine, creatinine clearance (CrCL), blood urea nitrogen, alkaline phosphatase, aspartate aminotransferase, alanine aminotransferase, and total bilirubin. Clinical data was collected on each day of PK sampling. Creatinine clearance was estimated in pediatric patients (≤17 years of age) by the Schwartz method and in young adults by the Cockcroft-Gault equation using ideal body weight. [25, 26] Difference covariate relationships on PK parameters were investigated and included power, linear, and exponential functions. The final PK model was built through the process of forward selection and backward elimination of clinical covariates. The likelihood ratio test was used to assess the significance of all covariates in the final model. During forward selection, covariates were univariately tested and deemed significant if the OFV decreased by at least 3.84 (χ 2 , P ≤ 0.05, df = 1) with its inclusion in the model. During backward elimination, significance of the covariates were confirmed by removing one at a time from the full model and required an increase in the OFV of at least 6.33 (X 2 , P ≤ 0.05, df=1) to remain in the model.
To evaluate the precision of the final model parameter estimates, a nonparametric bootstrap was performed. A total of 1000 bootstrap datasets were generated by repeated sampling with replacement from the original data and the final PK model fitted to each of the bootstrap datasets. The median, 5th and 95th percentiles were then obtained for each PK parameter and compared with the final model PK estimates.
Development of an Initial Dose Calculator Tool
The final population PK model was incorporated into a Microsoft Excel-based calculator tool (Microsoft® Excel® version 14.4.1, Microsoft Corporation, Redmond, CA), which could be used in the clinical setting to determine initial doses for individualized busulfan therapy. Based on our final model, the equation for determining individual doses of busulfan in units of mg in the prospective validation cohort was:
Parameters were fixed to the values estimated in the final model (Table 3) , and along with the patient's age (years) and weight (actual body weight, kg), used to calculate individual CL (CL i ) and the first dose of busulfan. Model-based doses were calculated to achieve the midpoint AUC corresponding to a targeted Css range for exposure. For example, expressed in terms of mg, conventional exposure as proposed by the FDA-approved drug labeling for busulfan use in children was defined as an AUC target of 4.5 mg hr/L (range, 3.6-5.4 mg hr/L) over a 6-hour dosing interval. This target is equivalent to a Css of 750 ng/mL (range, 600-900 ng/mL) and AUC of 1098 uM min (range, 900-1350 uM min). The equation AUC / dose interval was used to calculate Css.
Model-Based Algorithm versus Conventional Dosing
Based on our final population PK model, busulfan doses were simulated using the modelbased algorithm and compared to conventional dosing for achieving a targeted Css 750 ng/mL. Clinical covariates (age, weight) for a typical patient were based on 50 th percentile estimates of weight per age as provided by the World Health Organization (WHO) growth standards for infants and children. Doses were aimed to achieve the desired therapeutic Css over a 6-hour dosing interval.
Prospective Validation
The validation dataset was used to both evaluate the performance of the model and the model-based dosing algorithm. A prediction-corrected visual predictive check using parameter estimates from the final model and comparing the concentration-time profiles predicted by the final model versus the observed concentrations in the validation dataset was performed and presented. [27] In addition, the percent of subjects achieving the therapeutic range Css of 600 -900 ng/mL for conventional dosing (historical controls) and the modelbased dosing (validation group) at the time of first PK sampling was calculated and compared using a Chi-square test for proportions. Historical controls consisted of 79 out of 90 subjects included in the model development dataset that had initial doses of busulfan determined by the conventional guidelines.
RESULTS
Population Modeling
A total of 1165 quantifiable concentrations were available for population PK model building and were best described with a 1-compartment base model with non-linear elimination. The range of observations was 34-3857 ng/mL. Irrespective of the assay, <1% of busulfan plasma concentrations were below the level of quantification and were included in the analysis. [28] A 1-compartment model with linear CL was compared to a 1-compartment model with inter-occasion variability (IOV) on CL. This resulted in a decrease in the OFV of −200, but shrinkage was observed (62% on occurrence 1 (test dose), 26% on occurrence 2 (1 st dose) and 36.8% on occurrences 3 and 4 (steady-state doses). In addition, no improvement in the goodness of fit plots was observed. Therefore, the model without IOV was considered to be a more predictive model. When comparing plots obtained after a single dose (test dose or first dose) and multiple doses (in the model including IOV), a change in the CL of busulfan was noted. A trend in decreasing busulfan CL over time for individuals undergoing both first dose and steady-state PK sampling (n=58) was found ( Figure 1 [29] ; and (3) reduced CL after 6, 12, or 24 hours estimated as a fraction of the CL at day 1 (ΔOFV= −175,−192 and −219, respectively p<10 −20, ). All three models showed a change in CL of approximately 15% at 24 hours after the start of therapy. From this dataset it is not distinguishable why this occurs (time-dependent or concentration-dependent). The model with Michaelis-Menten elimination demonstrates that CL in is a function of concentration, and we hypothesize this mechanistic approach to be more physiologically plausible compared to other time-dependent models tested. Therefore, we considered the model with Michaelis-Menten kinetics to be the final model and hypothesize that at steady-state concentrations busulfan CL shows non-linear PK. Michaelis-Menten kinetics was implemented into the model as follows:
for which CL in is the intrinsic CL of busulfan. The value of Km was high at 6704 ng/mL, but reasonably well estimated (RSE 43%). Representing the typical range of concentrations achieved with the therapeutic dosing, busulfan CL decreased up to approximately 20% between the concentrations of 250-2000 ng/mL ( Figure 1, panel B) .
Important patient-specific covariates found to significantly impact busulfan CL in were actual body weight and age. All covariates identified were supported by individual Bayesian PK parameter estimates versus covariate plots. After actual body weight was implemented in the model using allometric scaling, plots of individual parameter estimates versus age suggested a bell-shape trend in the data with individual Bayes PK CL in estimates increasing with age up to 12 years of age and then slowly decreasing back to the baseline value ( Figure 1, panel  C) . The simple "hockey-stick" function describing this maturation effect was implemented in the model and was significant (p<0.0001). This function consisted of two linear functions and a breakpoint. The first linear function described an increase of CL in with age, the breakpoint described the maximum of the function, e.g. age when CL in is at its maximum value, and the second linear function described the decrease of CL in with age past the breakpoint. During the modeling process, we attempted to estimate the breakpoint. The estimation process was associated with certain numerical difficulties due to data limitation; however its estimate was close to 12 years, which further supported the use of this value as a breakpoint. Different breakpoints ranging between 8-15 years were estimated around the visually observed value of 12 years ( Figure 1, panel C) . Sensitivity analysis was also performed with the breakpoint fixed to different values and this exercise also confirmed that 12 years was an optimal estimate. The breakpoint of 12 years was then fixed for further analyses. No significant impact of additional covariates including additional markers for body size (BSA, height) or clinical status (hepatic function) on busulfan CL in was identified.
The population PK parameters estimates and their relative standard errors (%) from the final model are presented in Table 3 . The final models for busulfan CL in incorporating both a weight and maturation effect were as follows:
For children less than 12 years of age:
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And for children equal to or greater than 12 years of age:
where 4.32 L/h is the typical value of busulfan CL in for a child weight 22kg and 7 years of age, Bp is the breakpoint for the age effect on CL in , Sl <bp is the slope of the age effect for children less than 12 years of age and Sl >bp is the slope of the age effect in children greater than 12 years of age. The goodness of fit plots for the base and final model showed clear improvement with good distribution of population-predicted concentration around the line of unity indicating the data were adequately described by the final model (data not shown). Ninety-five percent of conditional weighted residuals fell within 2 standard deviations demonstrating good predictability of the model. No trend in the residuals was observed.
The median PK parameter estimates and 95% confidence intervals from the bootstrap analysis are presented in Table 3 . Median estimates of PK parameters, inter-patient variability, and residual unexplained variability derived from the bootstrap analysis were comparable with the typical values derived from the original population PK analysis. Predicted busulfan concentrations in the validation group using the population PK model and observed concentrations are plotted versus time in Figure 2 , panel A. Concentrations were adequately predicted over the 6-hour time-concentration profile. The predictioncorrected visual predictive check showed the median and percentiles of the simulated data captures the median and percentiles of the observed PK data for the validation group well (Figure 2, panel B) .
Development of the Dose Calculator Tool
The final population PK model was implemented as clinician-friendly, easy-to-use Microsoft Excel-based tool. Figure 3 shows the "front end" of the Excel worksheet of the busulfan dose calculator tool. Typical population estimates from the final model were fixed to the values listed in Table 2 . The dosage tool can be used to recommend initial doses of busulfan based on patient-specific covariate data (age and weight). In addition to conventional exposure (referred to as "normal", Css target of 750 ng/mL, range 600-900) the tool was designed to allow clinicians the option to select different therapeutic targets within the conventional therapeutic target range of 600 -900 ng/mL, as these may different between patients or HCT protocols (low exposure Css of 650 ng/mL (range 600-700) or high exposure Css of 850ng/mL (range 800-900). Although not shown, the calculator tool can also determine initial doses for alternative dosing frequencies of busulfan therapy (every 12 hours, every 24 hours). In its current form, the dosing tool is only able to determine initial doses of busulfan given intravenously. It is available upon request from the authors via email. 
Model-Based Dosing to Achieve Conventional Therapeutic Target
Initial estimated doses of busulfan by weight and age based on conventional dosing versus the model-based algorithm to achieve a targeted Css of 750 ng/mL over a 6-hour dosing interval are presented in Table 4 . In general, dosing in mg/kg is higher when compared to conventional dosing over the span of age/weights evaluated (6 months to 14 years). For example, the model-predicted dose needed to achieve a Css of 750 ng/mL for a 6 year-old child weighing 20 kg would be 22.1 mg (1.07 mg/kg), representing an increase of approximately 25% compared to conventional dosing. A comparison of the percent of subjects achieving the therapeutic range Css of 600 -900 ng/mL for historical controls versus the prospective validation group at the time of first PK sampling is presented in Table  5 . The percent of individuals achieving a therapeutic level at the time of first PK collection (dose 1 or dose 3) was higher in subjects receiving initial doses based on the population PK model (81%) versus conventional guidelines (52%) (p = 0.02). For individuals with a Css outside the therapeutic range, exposure was more often sub-therapeutic with conventional dosing versus the model-based algorithm at 42% and 9.5%, respectively.
DISCUSSION
The role of body size and age on busulfan PK has been previously investigated in several pediatric studies with varying results. [7, 11, 15, 16, 18, 21, 30] Typically, PK studies conducted in children demonstrate a high correlation between body size and maturation. [24] The relationship between weight and age may be less consistent in the pediatric HCT population given the potential for children to be underweight for their age due to natural disease processes related to underlying diagnosis and/or prior chemotherapy. Thus, investigating age-related changes that occur as a result of biological and/or enzymatic processes can make the PK modeling of busulfan in children undergoing HCT particularly challenging. [31] Our covariate analysis found both weight and age to be independent significant patient-specific factors impacting busulfan CL in . Allometry allows PK parameters to be adapted according to body weight, thus taking growth into account. However, simple allometric scaling does not account for variations in the maturation of the metabolic pathways, which are reflected by age. [32] After inclusion of growth on CL in in the model using allometric scaling, we showed the predicted CL in of busulfan increases up through 12 years of age and then begins to decline to adult levels. These results are consistent with several other clinical studies of drugs metabolized by the liver, demonstrating an age-dependent increase in CL in children younger than 12-14 years of age. [33] [34] [35] For infants and toddlers (1 month to 23 months) and younger children (2-5 years of age) rapid changes in busulfan CL, may be due in part to the gradual maturation of metabolic pathways that occurs with age. [36, 37] In older children (6-11 years) and adolescents (12-17 years) variations in busulfan CL may more be related to changes in elimination capacity due to differences in the liver-mass-to-body-mass ratio. [33, 38] Pharmacokinetic modeling of our busulfan time-concentration data indicates busulfan CL displays non-linearity over the therapeutic concentration ranges seen in children. For all models tested, a decrease in CL of approximately 15% at 24 hours after the start of treatment was captured. This change may be time-dependent or due to higher drug concentrations and less metabolism after multiple doses. The model with Michaelis-Menten elimination demonstrates that CL in is a function of concentration, and we hypothesize this mechanistic approach to be more physiologically plausible compared to other time-dependent models tested. While most other studies do not report a significant increase in busulfan exposure with time, our results are consistent with two recent reports in children showing a decrease in busulfan CL throughout the course of therapy. In a large, multicenter study of 245 children undergoing HCT for a variety of malignant and nonmalignant disorders, busulfan CL was 12% lower at days 2-4, as compared to day 1. [15] In a study of children with thalassemia, busulfan CL was 20% higher with first dose compared to subsequent doses. [39] Busulfan is metabolized extensively in the liver through conjugation with glutathione by glutathione s-transferase (GST) enzymes, predominantly GSTA1. [36, 40] It is plausible the concentration-dependent behavior of busulfan could arise if the saturation of elimination pathways occurs, especially with dose increases over the duration of therapy.
Given the short duration of busulfan therapy, achievement of individualized drug exposure early on in treatment is crucial and failure to do so may lead to suboptimal therapy or toxicity. [14] As Michaelis-Menten kinetics occurs with increasing drug concentrations, the non-linear model has minimal influence on the initial dose estimation provided in the Excelbased tool. The clinical implications of non-linear PK emerge as dose escalations or reductions of busulfan result in disproportionate increases or decreases in CL and exposure (AUC, Css). Currently, there are many logistical challenges with performing busulfan PK including the short duration of treatment and the need for rapid and accurate estimation of busulfan PK parameters. [8] At most institutions, PK sampling of busulfan occurs with dose 1 and dose-proportional kinetics is assumed for the adjustment of subsequent doses. With non-linear behavior, a decrease in busulfan CL from first-dose to steady-state implies PK sampling performed before the achievement of steady-state may not be optimal. Additionally, the ability for most centers to measure busulfan levels on site is not routinely available therefore limiting the ability to perform dose-modifications early on in therapy and the usefulness of repeat PK sampling.
Achievement of optimal busulfan exposure is necessary to promote engraftment and limit drug-related toxicity in children. Therapeutic targets can vary depending on several factors including donor source, diagnosis (malignant vs. nonmalignant), and other agents included in the preparative regimen. [6, 8, 12 ] However, the current conventional dosing guidelines cannot account for the use of different targeted exposures, thus these patients may not achieve optimal exposure. Offering a significant advantage over the conventional guidelines, our model-based dosing algorithm can be used to individualize therapy. The incorporation of age and weight relationships into our model for busulfan CL enables children of different ages and weights to have the same likelihood of reaching the desired therapeutic exposure, irrespective of the selected targeted goal. Although model-based dosing of busulfan offers several advantages to conventional dosing, it is important to point out that neither the modelbased nor conventional regimens achieves 100% success with the first dose of busulfan. This is likely to occur because the therapeutic targets for busulfan are considerably narrow, taking into account the between-subject variability. Consequently, even with a model-based strategy there will be a proportion of patients who fail to achieve the therapeutic target with the first dose of busulfan, therefore reinforcing the need for repeat TDM. Additionally, we consider validation of the model to be an ongoing process until a larger number of patients spanning a wide range of ages and weights have been evaluated. Thus, we are currently working to improve on our dosing tool through the development of a web-based application for the Bayesian dose-individualization of busulfan using an individual's time-concentration data. The framework will be able to collect and store data from clinicians and re-estimate the model parameters continually.
Although the PK parameters were well estimated with our final model, the residual unexplained variability remained approximately 15%. This suggests other clinical or patientspecific factors not tested in this analysis study may be important determinants of busulfan CL. Physiological changes induced by specific disease states including inborn errors of metabolism and thalassemia have been demonstrated to alter busulfan CL. [39, 41, 42] Unfortunately, given the limited number of subjects and heterogeneity of diseases included in our study population, covariate analysis of different disease groups was not feasible. Similarly, the impact of co-administered medications previously shown to alter busulfan PK through induction or inhibition of GSTs could not adequately be investigated. Drug-drug interactions between busulfan with azole anti-fungals and metronidazole have been shown to alter busulfan CL presumably through the inhibition of metabolic enzymes. [43, 44] Concomitant use of medications that deplete glutathione, such as the commonly prescribed anti-pyretic acetaminophen, may also contribute to changes in the metabolism of busulfan over the course of treatment. [45] Acetaminophen was permitted during busulfan conditioning, occurring most often with the administration of alemtuzumab. Unfortunately we are unable to test this specific covariate for the impact on busulfan PK, predominantly because an electronic medical record was not implemented at our institution until 2012.
Other potential factors unexplored in this analysis include genetic variants of genes involved in busulfan metabolism and disposition. Specifically, in vitro studies have shown variants in GSTA1 result in functional alterations in activity leading to decreased enzymatic activity. [46] Clinically, the impact of several GST genetic variants on busulfan exposure has been investigated, reporting variable results. [47] [48] [49] [50] Given the complexity of HCT recipients and likelihood of concomitant medications that may mask or confound variant effects, genetic studies of busulfan exposure may prove difficult and will require careful consideration.
CONCLUSION
In summary, we developed a model for busulfan CL that can be applied to determine initial doses for targeted-therapy in a pediatric HCT population based on age and weight. When compared to the conventional dosing guidelines, the individualized model-based calculation provided an improved dosing strategy for achieving targeted exposure in children and young adults. The final population PK model was implemented as a clinician-friendly, Microsoft Excel-based tool, which can easily be used in the clinical setting to recommend initial doses of intravenous busulfan in children. With improved dosing accuracy, clinicians will be able to more effectively reach their therapeutic target quickly without exceeding toxic thresholds and improve outcomes. A computer screen shot of the Excel-based tool used to determine initial doses of busulfan based on the population PK model dosing algorithm. Table 3 Final population PK model parameter estimates and bootstrap results. Table 4 Estimated initial doses of busulfan by weight and age based on conventional dosing verses the model-based algorithm to achieve a targeted Css of 750ng/mL. The target Css of 750ng/mL (range 600-900ng/mL) is equivalent to an AUC of 1098µM*min (range 900-1350µM*min).
Final Model Results
Bootstrap Results
Population
2
Based on 50 th percentile estimates of weight per age as provided by the World Health Organization (WHO) growth standards for infants and children.
3 Doses are based on achievement of the desired therapeutic Css over a 6-hour dosing interval.
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